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Abstract

In the offshore crude oil process, water separation has a significant impact on quality improvement.
Moreover, the lower the oil content in the residual stream, the less treatment is needed to fulfil
specifications. Herein, the use of simulation has become an important tool to achieve a better
understanding of the process. However, considering that the petrochemical plant is subjected to
extreme time varying operating conditions, which affects the separation train; this poses a challenge to
obtain a realistic simulation model. This work presents our original dynamic simulation of a complete
crude oil separation unit using Aspen HYSYS® environment. The inlet feed is characterised as a heavy
crude oil and different pieces of equipment are carefully designed according to real process
parameters. Furthermore, the impact on variations in water content and irregular flows, known as slug
flow occurrence, is analysed. Finally, to validate the accuracy of the simulation, operating temperatures,
pressures for the separators, and the main flows of the process are compared with actual data.
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1. INTRODUCTION

Offshore oil production occurs in isolated environments, leading to complex and extreme
operating conditions [1, 2]. After the crude oil extraction process is carried out, petroleum
contains significant amounts of gas and water causing corrosion and operational issues in the
pipelines [3]. Therefore, to obtain a high-quality product, suitable for transportation and
refining process, a proper three-phase separation is required [4]. Herein, modelling and
simulation play a key role to achieve a better understanding of the process [5, 6]. Steady state
modelling and simulation for petrochemical plants are commonly encountered in literature
[7, 8]. Al-Ali [9] presents a crude oil stabilisation process simulation, with an analysis on
input variables and a resulting modified process. Additionally, Cho et al. [10] present a steady
state simulation of a conceptual design of a top-side process of an offshore oil processing
plant, comparing its production with the original design. Nguyen et al. [11] provide a steady
state model of three platforms located in the North Sea, with a focus on energy analysis. As it
can be seen, most of the reported models are primarily developed in steady state, capturing
the fundamental behaviour of multiphase flow during regular operation. Nevertheless,
petrochemical units do not operate in steady state, which implies that these models are of
limited usefulness [4, 7]. Therefore, to establish a real-time monitoring system, dynamic
models for processing plants are required. Khaled et al. [2], provide a methodology for
building a process model, generating a simulation based on a real petrochemical plant in the
North Sea, considering equipment faults and inlet disturbances to simulate safety and
continuous operation [12]. Moreover, Jonach et al. [13] present a simulation of an offshore oil
and gas separation process with a focus on the transient behaviour of oil residues in output
water. However, most simulations are simplified and do not take into account complex
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dynamics present during routine operations. For this reason, the present research work
provides a rigorous dynamic simulation model of an offshore oil separation process developed
using Aspen HYSYS®. Here, two main stages are involved: the oil conditioning unit and the
three phase treatment stage. The full details of the plant equipment are set according to the
design data from a Mexican conventional offshore oil processing plant. Additionally, the inlet
stream of the oil process is simulated considering composition variations and irregular flows,
known as slug flow occurrence. Thus, a complete and realistic plant under recurrent
operational problems during production is carried out.

2. SYSTEM DESCRIPTION

Fig. 1 shows the diagram of the offshore crude oil plant. The process consists of two main
stages. The first stage corresponds to the conditioning unit, in which the gas and water
contents in the inlet flow are decreased by biphasic and liquid-liquid separators. Meanwhile,
in the second stage a three phase separator is used to obtain a high quality petroleum.
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Figure 1: Flow diagram of the separation plant.

In the conditioning unit, 130 thousand barrels per day (MBPD) of liquid and 27 million
cubic feet per day (MMCEFD) of gas feed the process. Before the mixture is sent to the two
phase liquid-gas separator S-101, the pressure is regulated to 755.1 kPa by the valve PV-100.
Moreover, the liquid level in the separator is regulated at 1800 mm by controller LIC-101.
Then, the gas from the stream is reduced to 3.5 MMCEFD and the removed gas is conducted to
a pipeline for its long-distance transportation. Meanwhile, the remaining liquid proceeds to
the liquid-liquid separator S-102, in which the controller LIC-102 is set to regulate the liquid
level at 914 mm. Here, the water content from the stream is removed by gravimetric settling
and directed to a collection well. Thus, 114 MBPD of liquid are sent to the next stage.

In the three phase treatment stage, the separator S-103 is used to remove impurities from
the stream. The pressure of the inlet feed is regulated by valve PV-103 to 117.7 kPa.
Moreover, controller LIC-103 regulates the water liquid level in the first chamber at 600 mm,
while controller LIC-104 regulates the oil liquid level in the second chamber at 1652 mm.
Therefore, 97 MBPD of dehydrated high-quality oil outlet is obtained.

3. SIMULATION AND MODELLING

In Fig. 2, the simulation of the process is conducted using the Aspen HYSYS® environment,
which is recognised in a wide range of oil, gas and petrochemical applications [14]. The use
of this engineering tool in complex separation processes provides accurate results to the actual
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plant conditions [15, 16]. Moreover, the software offers dynamic modelling capabilities that
integrate rigorous thermodynamic models with mathematical operations to represent system

behaviour and predict thermophysical properties of complex mixtures [17].
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Figure 2: Aspen HYSYS® process flow diagram.

Here, the Equation of State (EoS) from the Peng-Robinson fluid package is selected.
Hence, simulations in steady-state and dynamic modes are carried out, especially the gravity
separators, which are part of the most important equipment in the upstream petroleum
industry [18]. The simulation of these units is based on their operating principles, configured
either as a two-phase separator for gas-liquid (Fig. 3 a) and liquid-liquid (Fig. 3 b) separation,
or as a three-phase separator, for output streams separation (Fig. 3 c).
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Figure 3: Gravity separators used in the simulation.

3.1 Oil characterisation

Crude oil characterisation is crucial for the design of separation equipment, since important
fluid properties influence the settling behaviour of dispersed phases in gravity-based
separators [19]. To provide the input feed for the separation plant, a characterised heavy crude
oil from the Gulf of Mexico is used, whose general properties are described by
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Seidy-Esfahlan et al. [20]. The composition used in simulation is based on Table I, which
presents data from an actual chromatography of the process.

Table I: Inlet composition data.

Component ID | Molar fraction in oil inlet | Component ID | Molar fraction in oil inlet
Methane 0.196 CO2 0.00273
Ethane 0.0489 H,S 0.000236
Propane 0.0441 M-Cyclopentane 0.00232
i-Butane 0.0125 Benzene 0.000036
n-Butane 0.04 Cyclohexane 0.00139
i-Pentane 0.0177 M-Cyclohexane 0.000135
n-Pentane 0.0233 Toluene 0.00067
n-Hexane 0.0518 Styrene 0.0000756
n-Heptane 0.00178 m-Xylene 0.0000126
n-Octane 0.00216 p-Xylene 0.0000126
n-Nonane 0.00319 0-Xylene 0.000841
Nitrogen 0.00494 Mayal-Maya27 0.5456

3.2 Steady state

According to actual data, in this section the separators for the conditioning and three phase
treatment stages are modelled in steady state using Aspen HYSYS®. Here, to enhance water-
oil emulsion separation, the units S-102 and S-103 units are simulated as horizontal three-
phase separators [21], both operating at approximately 52 °C and within the same pressure
range. Additionally, operating at a lower temperature and pressure, 51.38 °C and 1000 kPa,
the unit S-101 is designed as a horizontal biphasic separator to direct the volatile components
in the mixture to the gas stream.

A pressure—temperature (PT) phase diagram was developed to evaluate the
thermodynamic behaviour of the main streams, Fig. 4. Phase envelopes were generated for the
inlet feed and the output streams from each separator, representing the saturation boundaries
at different qualities. The feed shows the widest two-phase region and highest critical
pressure. As lighter components are progressively removed, the phase envelope shifts to
lower pressures and decreases in height, corresponding to S-101, S-102, and S-103. The red,
blue, and grey curves represent the envelopes for the feed and the sequential separation
stages, illustrating the expected reduction of the two-phase region and critical pressure,
consistent with steady-state operation.
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Figure 4: Phase diagram envelope.
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3.3 Dynamic state

To set up the dynamic model, the same input load from steady-state simulation is used,
consisting of an oil flow of 0.178 m?¥/s, a water flow of 0.0607 m?/s, and a standard gas flow
(measured at standard conditions of 15 °C and 101.3 kPa) of 102.0196 m?*/s. Additionally, the
equipment sizing and geometric parameters for separators, including volume, diameter, weir
specifications, are carefully defined in Table II. Also, the corresponding dynamic nozzle
locations, are carefully defined. Specifically, for vessel S-101, the vapour outlet nozzle is
positioned at 10.16 m, whereas for vessel S-103, the vapour, oil, and water outlet nozzles are
located at 9.14 m, 12.19 m, and 4.06 m, respectively, with a weir height of 2.3 m and a weir
located at 6.095 m along the vessel length. The mesh pads in the separators were modelled
using the Carpenter method, with a pad thickness of 0.305 m, wire diameter of 0.000406 m,
voidage of 0.5, and specific surface area of 377.3 m?/m?>. These size and geometric parameters
are required to enable CarryOver Correlation, which is used to simulate imperfect separation
of phases based on a specified model [22]. For the purpose of this research, vessels S-101 and
S-103 use ProSeparator Correlation while S-102 uses Product Basis Correlation to better
represent the behaviour of a liquid-liquid separator based on design data. Moreover, valves
are set up according to design data and to comply with Aspen HYSYS® dynamic flow
requirements. The valve sizing is done by Aspen HYSYS® and level controllers are set up,
according to Khaled et al. [2], for the vessels based on design data objectives.

Table II: Geometric parameters of separators.

Equi Volume | Diameter | Length | Light liquid | Heavy liquid
quipment | (m) (m) level (m) level (m)
S-101 128.1 3.658 12.19 1.8 1.8
S-102 74.13 3.048 10.16 - -
S-103 128.1 3.658 12.19 1.652 0.6

4. SIMULATION PROCEDURE

In this section, the equations used to obtain the vapour-liquid equilibrium (VLE), which is
based on the Peng-Robinson EOS, are presented.

4.1 Vapour-liquid equilibrium equations

Eq. (1) expresses the equality of chemical potential between the phases for component i in a
multicomponent system, where P represents the system pressure, ®F and ®! are the fugacity
coefficients in the liquid and vapour phases, respectively, and x; and y; are the corresponding
mole fractions:

POix; = POy, (1)
The overall material balance is given by Eq. (2), where z; represents the mole fraction of

component i in the feed, while L and V correspond to the total molar flows of the liquid and
vapour phases, respectively:

ZiF = xl-L + ylV (2)

The distribution coefficients are defined as the ratio between the fugacity coefficients in
both phases, Eq. (3):

K; = o;/®] 3)

The summation of mole fractions equals unity in both phases, providing the closure
condition for composition calculations.
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4.2 Peng-Robinson EOS

The model relies on thermodynamic property estimation of each component in the fluid
stream and is used to predict phase behaviour according to the Peng-Robinson EOS. This
model is selected due to its extensive applicability in gas-liquid systems and its demonstrated
capability to precisely predict the phase behaviour associated with hydrocarbon mixtures,
Egs. (4) to (7) [23-26].
RT a
iy S N S EN Gy (4)

In Eq. (4), the pressure P is determined as a function of the molar volume of the mixture v
and is further influenced by a and b, which represent the attraction parameters of the
components. Then, R denotes the universal gas constant, while T is the absolute temperature.
In Egs. (5) to (7), b is calculated as the weighted sum of the covolumes b; of each component
based on their molar fraction x;, while a accounts for intermolecular interactions through a;;,

which depends on a;, a;, and the binary interaction coefficient k;;.

N
b= xiby (5)
i=1

N N

a= Zinxjaij (6)
i=1j=1

a;j = a;a;(1—k;j) (7

The parameter a; is obtained from the critical properties coefficient a, and the
temperature-dependent factor (1 — ,/(T/TC)), while b; is derived from the critical

temperature and pressure, Egs. (8) and (9). The terms a, and m, the last one as a function of
acentric factor w, are calculated according to Egs. (10) and (11):

a=ac[t+m(1- ,/(T/TC))]z (3)

b; = 0.077796074 R T /P 9)
ac = 0.45723553 R2TZ /P, (10)
m = 0.37464 + 1.54226w — 0.26992w? (11)

The Peng—Robinson EOS is expressed in terms of the compressibility factor Z to simplify
the analysis of volumetric and phase equilibrium properties under non-ideal conditions:

f(Z)=Z3+B—-1)Z*+(A—2B—-3B*)Z+ (B3+B?>—-AB)=0 (12)

Thermodynamic parameters A and B are derived from molecular interaction constants and
system properties, Egs. (13) to (15):

A = aP/(RT)? (13)
B = bP/(RT) (14)
Z = Pv/(RT) (15)

Finally, using the logarithmic equation is obtained the fugacity coefficient ®;, Eq. (16),
where x; can be substituted with y; to represent either the liquid or gas mole fraction,
according on the phase that is being computed.
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_bicr, 4y _ oy (A 2%jxjaij by Z+2.414B
lnd)i—b(Z 1) —In(Z - B) (zﬁB)x( a b)ln(z_o__4143) (16)

4.3 Methodology

Considering the VLE is performed in Aspen HYSYS®, using equilibrium calculations and the
Peng-Robinson EOS to determine phase behaviour, the following methodology is proposed:

1. Set the input parameters of the mixture specified in Table I. Obtain the acentric factor w
from component properties and define binary interaction parameter k;; for each pair of
components.

2. Establish pressure, temperature, size and volume for each piece of equipment specified in
Table II. These values are set according to the resulting VLE equations from Aspen
HYSYS®.

3. Obtain the VLE using Eq. (1) to Eq. (3). The coefficient K; is obtained through the Peng-
Robinson EOS.

4. Calculate the compressibility factor Z using Eq. (12). All the parameters used to obtain Z
are the result of using Eq. (13) to Eq. (15).

5. Obtain the fugacity coefficient i for both phases using Eq. (16).

6. Compute the gas and liquid phase compositions in the mixture through the, now
completed, VLE.

7. Iterate from step 3, with the calculated phase compositions, until convergence is achieved.

8. Calculate the outlet flow based on composition of phases.

S. SIMULATION RESULTS

To validate the model, temperatures, pressures and flows of main streams are compared with
actual data from a conventional offshore plant. In addition, the performance of the simulation
under real operating conditions is analysed when input load disturbances are encountered.

5.1 Steady state results

Separation efficiency analysis is crucial to understand how the system responds to parameter
variations under real operating conditions [27]. Hence, in Table III, the validation data of
steady state modelling is presented. Here, a small variation in the pressure for S-102 is
encountered due to the use of a three-phase separator modelling instead of a liquid-liquid
separator; however, the remain parameters are close to actual data.

Table III: Validation results for separation units and process.

Liquid rate Water rate Gas rate Temperature Pressure
Equipment (MBPD) (MBPD) (MMSCFD) (°O) (kPa)
Real Sim Real Sim Real Sim Real Sim | Real Sim
S-101 130 | 129.44 - - 27 27.01 | 51.8 | 51.02 | 784.5 | 784.5
S-102 114 | 113.23 16 16.17 - - 51.7 | 51.02 | 833.6 | 735.5
S-103 97 94.39 17 17.03 3.5 3.42 50.7 | 4948 | 117.7 | 1177
Overall

97 94.36 33 33.21 30.5 | 3042 - - - -

process outlet

5.2 Dynamic simulation results

Actual data is analysed to establish maximum and minimum input load variations in water
content and intermittent flow. Variations in water load and the implementation of slug flow
are simulated using the arrangement shown in Fig. 5. Here, inlet water variations are applied

105



Damian, Sotelo, Marroquin, Cruz, Sotelo: Modelling and Dynamic Simulation of a Real Crude Oil ...

by the manipulation of the control valve VLV-101 based on disturbances shown in Table IV.
Moreover, slug flow is modelled using a biphasic separator and a valve arrangement with an
intermittent reintegration of gas and liquid streams occurring at a 1 mHz frequency [28]. This
behaviour is reproduced through a manual flow disturbance introduced by the control valve
VLV-103, operated using the FIC-100 controller in manual mode, which directly sets the
valve position to emulate periodic slugs.

oil VLA MIX-100
Inlet

<
Water v \£102
Inlet

<
Ges v \v103 VLVA104
Inlet

Figure 5: Input disturbances arrangement.

Table IV: Water inlet disturbances.

Disturbances Input Flow rates (m?/s)
Water inlet +38% 0.0607 — 0.0841
-28% 0.0607 — 0.0437

Furthermore, a comparison of the dynamic requirements of the units is presented in
Table V. As it can be seen, both the diameter based in heuristics [29] and the real liquid level
values, from the reported data [30], are close to the values in simulations. Herein, S-103 (1)
and S-103 (2) refer to the internal chambers of the three-phase separator, corresponding to
Chamber 1 and Chamber 2, respectively.

Table V: Dynamic requirements of the units.

. Diameter (m Liquid level (m
Equipment Sim Héurgstics Sil(lll lgea)l
S-101 3.658 3.625 1.800 1.800
S-102 3.048 - 0.914 0.914
S-103 (1) 3.658 3.463 0.600 0.600
S-103 (2) 3.658 3.463 1.652 1.652

In Fig. 6 the effects of the disturbances in the input load are presented. Initially, only
changes on water flow at the input of the system are considered. Therefore, after 8.5 hours,
slug flow is applied. This to analyse the influence of input load variations of intermittent flow
on the system. Furthermore, the water separated by S-102 and S-103 is shown, as well as the
oil produced, to evaluate separation efficiency.

During the first 8.5 hours of the simulation, the aqueous phase level in separator S-102
responds gradually to feed water fluctuations, while oil production remains stable, showing
that the system can handle moderate disturbances without performance degradation. After 8.5
hours, with intermittent flow, more pronounced fluctuations occur in the aqueous phase of
S-102 and S-103, along with increased oscillations in oil output, indicating inefficiencies
under severe flow variations despite minimal impact on overall system performance.
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Figure 6: Water feed/composition and slug flow impact on water separation and oil production.

In Fig. 7, pressure distributions of each separator are shown. A significantly lower
dispersion rate of pressure values is presented when slug flow is absent and displays
intensified pressure oscillations as slug flow is introduced. Table VI, presents the maximum
and minimum pressures, including its maximum rates. Here, the S-102 separator in the
conditioning stage, exhibits the highest transient pressure fluctuations under both disturbance
scenarios. Such instability reduces downstream reliability, creates a risk of mechanical
damage [31, 32], and accelerates equipment degradation through slug-induced corrosion,
which threatens the integrity of components and piping lines [33]. In addition, periods without
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liquid inflow followed by high liquid rates also cause poor separation, low production,

flooding, and, in severe cases, emergency shutdowns [34].
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Figure 7: Boxplots and pressure variation through separators.
Table VI: Operating pressure range through separators.
Pressure No intermittent flow Intermittent flow
values S-101 S-102 S-103 S-101 S-102 S-103
Max 0.798 0.746 0.118 0.983 0.772 0.133
Min 0.767 0.642 0.117 0.637 0.424 0.114
Max variation 0.0196 0.104 0.0005 0.201 0.269 0.0174
6. CONCLUSION

In this work, a methodology was developed for simulating a crude oil offshore plant using
Aspen HYSYS® environment in dynamic mode. Here, the geometric parameters of separators
are set according to real design data and literature. Moreover, pressure, temperature, and
stream flow data is validated with actual design data to generate a realistic simulation. Thus,
the simulation is a proper representation of the dynamic behaviour of the process. When real
operating conditions are incorporated to the process, the simulation results show that water
content variations and intermittent flow do not have a significant impact on oil production or
quality; however, the presence of both disturbances result in significant flow oscillations that
can lead to equipment degradation. This is significant because of the difficulty of maintaining
offshore plants, as their location is difficult to access and could lead to an increase in
maintenance costs.

Considering that large-scale series processes are not common in the upstream oil and gas
industry, the present work serves as a scientific platform to integrate real operating conditions
to an oil separation process or to develop advanced control strategies, in response to these
disturbances, for future research.
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